Cocaine blocks uptake by neuronal plasma membrane transporters for dopamine (DAT), serotonin (SERT), and norepinephrine (NET). Cocaine reward͞reinforcement has been linked to actions at DAT or to blockade of SERT. However, knockouts of neither DAT, SERT, or NET reduce cocaine reward͞reinforcement, leaving substantial uncertainty about cocaine's molecular mechanisms for reward. Conceivably, the molecular bases of cocaine reward might display sufficient redundancy that either DAT or SERT might be able to mediate cocaine reward in the other's absence. To test this hypothesis, we examined double knockout mice with deletions of one or both copies of both the DAT and SERT genes. These mice display viability, weight gain, histologic features, neurochemical parameters, and baseline behavioral features that allow tests of cocaine influences. Mice with even a single wild-type DAT gene copy and no SERT copies retain cocaine reward͞reinforcement, as measured by conditioned place-preference testing. However, mice with no DAT and either no or one SERT gene copy display no preference for places where they have previously received cocaine. The serotonin dependence of cocaine reward in DAT knockout mice is thus confirmed by the elimination of cocaine place preference in DAT͞SERT double knockout mice. These results provide insights into the brain molecular targets necessary for cocaine reward in knockout mice that develop in their absence and suggest novel strategies for anticocaine medication development.
C
ocaine is a reinforcing͞rewarding abused drug that confers substantial morbidity and mortality (1) . No present medication robustly blocks cocaine reward͞reinforcement or substantially relieves cocaine dependence (2). Cocaine's potent actions in blocking uptake by neuronal plasma membrane transporters for dopamine (DAT), serotonin (SERT), and norepinephrine (NET) are well known (3) . However, the relationships between these molecular actions and cocaine reward͞reinforcement have remained obscure (4) . Improved understanding of the molecular underpinnings of cocaine reward should increase understanding of brain reward mechanisms and provide better opportunities for rational design of effective anticocaine medications.
Most molecular explanations for cocaine reward͞reinforcement have focused on DAT, whereas some implicate SERT. Support for DAT as a primary site for cocaine reward͞reinforcement has come from structure-activity studies of DAT blockers (3, 5) , effects of dopamine lesions on cocaine reward (6) (7) (8) , and findings of enhanced dopamine release after cocaine administration (6) . However, recent data demonstrate intact cocaine reward in each of two strains of DAT knockout mice (6, 9, 10) . DAT is thus not absolutely required for cocaine reward in mice that develop in its absence. Several compounds that potently inhibit dopamine uptake, drugs that include mazindol, display only limited abuse liability in humans or animal models (11) (12) (13) . Mazindol potently inhibits DAT and NET but only weakly inhibits SERT; these differences from cocaine could conceivably contribute to the distinct reward profile of mazindol (14) (15) (16) . Contributions of SERT blockade to cocaine reward͞reinforcement have also been suggested. Manipulations of serotonin systems that can modulate cocaine or amphetamine reward (17-21) include 5-HT 1B serotonin receptor knockout (22) , 5-HT 1B agonists or antagonists (20, 22, 23) , serotonin depletion (24), 5-HT2 antagonists (25) , and 5-HT1A agonists (26) . However, the SERT-selective blockers widely used for depression seldom either produce the rewarding responses characteristic of cocaine or enhance cocaine reward (27, 28) . Cocaine reward is intact in SERT knockout mice (9) . Indeed, the enhanced cocaine reward that can be found in SERT and NET knockout mice (9, 29) could suggest that NET-and SERT-expressing systems might contribute to the aversive features that can be associated with cocaine use (30) .
Although no single monoamine transporter is absolutely necessary for cocaine reward in mice that develop in its absence, several possible roles for these transporters in cocaine reward in wild-type mice nevertheless remain (31-33). Cocaine may normally work as a ''dirty drug'' that produces reward through simultaneous actions at more than one transporter site. For example, DAT͞SERT selectivity ratios can provide better correlations with cocaine analog reward͞reinforcement than DAT affinity alone (34) . Multiple molecular sites for cocaine's rewarding͞reinforcing actions could provide such redundancies that no one site was absolutely necessary for cocaine reward. Such redundancies could be enhanced by compensatory mechanisms active in mice that develop with transporter absence. Thus, if cocaine altered activities in several parallel or interactive brain systems with substantial redundancy, the systems expressing the remaining transporter(s) might compensate for loss of cocaine-modulated activities in the systems that normally express the absent transporters, maintaining cocaine reward. To assess whether DAT-and SERT-expressing systems could provide such redundancy in the long-term absence of the other transporter, we have constructed double knockout mice with deletions of one or two copies of both the DAT and SERT genes. We have examined baseline features and then tested cocaine responses, including assessments of cocaine reward͞reinforcement. We use cocaine-conditioned place preference as a primary measure of cocaine reward͞reinforcement.
Brain Neurochemistry. Mice were killed by cervical dislocation; brains were rapidly removed and dissected on ice. Levels of monoamines, receptors, transporters, and mRNAs were assessed in regional brain samples stored at Ϫ70°C. Frontal cortex, hippocampus, striatum, brainstem, and hypothalamic samples were analyzed for monoamine neurotransmitters and their metabolites by HPLC using electrochemical detection at ϩ0.3 V with minor modifications, as described (35) , by using 10 ϫ 4.6-mm Spherisorb 3-mm ODS-2 reversed-phase chromatography columns (Thomson Instruments, Springfield, VA) and elution with 0.1 M monochloroacetic acid͞8% acetonitrile͞0.5 g/liter octanesulfonic acid͞0.3% triethylamine͞10 mM EDTA. Monoamines were quantitated relative to the internal standard, 5-hydroxy-N-methyltryptamine, and protein determined by Lowry's method. Behavioral Testing. Behavioral tests were performed as described (9) . Locomotor activity was assessed as total distance traveled, calculated from measurement of beam breaks in Optovarimex activity monitors (Columbus Instruments, Columbus, OH), to which the mice had not been previously exposed, under dim light sound-attenuated conditions (9) . After 3 h of habituation, mice were injected with cocaine HCl (10 mg͞kg s.c.). Reward͞ reinforcement was assessed by conditioned place preference testing using a two-compartment Plexiglas chamber, one with a wire mesh floor and one with corncob bedding on a smooth Plexiglas floor, as described (9) . During conditioning sessions, mice were restricted to single compartments for 20 min after injection with cocaine (10 or 20 mg͞kg s.c.) or saline, returned to their home cages for 4 h, and then subjected to another 20-min conditioning trial. Injections were counterbalanced. Cocaine withdrawal has not produced aversive effects in this same apparatus at 4 h after these cocaine doses. A single conditioned place preference assessment session followed the last conditioning session by 24 h. In these sessions, mice had access to both compartments, and the proportion of the 20-min session spent on each side was recorded. Results were compared with the proportion of time spent on that side in preconditioning sessions (9) . Statistical comparisons used the Statistical Package for Social Science, t tests, and ANOVAs, followed by Scheffe post hoc analyses. Data are presented as mean Ϯ SEM. Conditioning studies were conducted blind to genotype, often resulting in uneven numbers of mice in each group.
Results

Features of Combined DAT and SERT Knockout Mice. (i) Viability.
Matings between DAT and SERT knockout mice produce mice with all possible genotypes at the DAT and SERT loci in ratios close to those expected ( Fig. 1A) (9, 42, 43) . Gross and histologic examinations reveal that both DAT and DAT͞SERT knockout mice display reduced pituitary sizes and abnormal central anterior pituitaries with fewer acidophilic cells, as previously reported in DAT knockout mice (44) . DATϪ͞Ϫ SERTϩ/ϩ mice demonstrate slower and smaller postweaning weight gains, as previously reported (9, 42) . These are partially complemented by SERT knockout (Fig. 1B) . Eight-week-old DATϪ͞Ϫ homozygous knockouts are larger in the absence of SERT than in the presence of one or two copies of the wild-type SERT gene. No other gross or microscopic pathology in the double knockouts not seen in single knockouts has been identified (D. Huso, I.S., and G.R.U., unpublished data).
(ii) Monoamine transporter and receptor binding. Densities of DAT and SERT expression are reduced in gene-dose-dependent fashion. DATϩ͞Ϫ mice show similar reductions in DAT expression on either wild-type or knockout SERTϪ͞Ϫ backgrounds (Table 1) . SERT expression also follows the number of intact copies of the SERT gene on DATϩ͞ϩ and on DATϪ͞Ϫ backgrounds. There is thus little evidence for any substantial crosstalk in determining striatal or frontal cortical levels of expression of these two transporters. Receptor autoradiographic analyses also fail to document any striking regional differences in knockout effects on transporter expression (data not shown). Each region assessed follows similar genotype-dependent patterns of expression. We have characterized several of the many dopamine and serotonin receptors that could be assessed in these mice. We have characterized striatal expression of the DRD2 dopamine receptor subtype (45-48) because of its high level of expression in this region and previous reports of reduced striatal expression in DATϪ͞Ϫ mice (42) . DRD2 expression was not further reduced in the DATϪ͞Ϫ SERTϪ͞Ϫ double knockout mice. Binding to one of the most abundant serotonin receptors, the 5-HT 1A , was most reproducible and previously documented in the hippocampus (Table 1) . Hippocampal 5-HT 1A binding, assessed by using 8-OH DPAT, was reduced in SERTϩ͞Ϫ and Ϫ͞Ϫ mice. DAT knockout returned these binding levels toward wild-type values. Half-wild-type levels of DAT exacerbated the hippocampal 5-HT 1A -binding changes induced by SERT deletions (Table 1) . Autoradiographic analyses of 5HT 1B receptor densities revealed statistically significant differences from wild-type values only in ventral medial midbrain in double knockout DATϪ͞Ϫ SERTϪ͞Ϫ mice. SERTϪ͞Ϫ mice with either a single copy of DAT or DATϪ͞Ϫ mice with a single SERT gene copy displayed smaller 15% reductions in ventral midbrain that did not reach statistical significance (Table 2) . No other region sampled displayed significant alterations in 5HT 1B -binding levels. NET levels, assessed by using [ 3 H] nisoxetine binding, also provided only a trend toward down-regulation in DATϪ͞Ϫ and SERTϪ͞Ϫ mice. Mice with the combined DATϪ͞Ϫ SERTϪ͞Ϫ knockouts displayed more than 60% reductions of nisoxetine B max values. Indeed, this difference and a trend in ventral midbrain 5HT 1B receptor densities are the only changes in the combined DATϪ͞Ϫ SERTϪ͞Ϫ knockouts that convincingly distinguish them from the mice that retain a single wild-type copy of one of these genes.
(iii) Monoamine neurochemistry. We focused neurochemical analyses on the heavily monoamine innervated striatum and frontal cortex. DATϪ͞Ϫ mice display marked alterations in striatal dopamine and its metabolites homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) [ Table 3 , previously noted (42)]. SERTϪ͞Ϫ mice display reduced levels of serotonin and its metabolite 5-HIAA in frontal cortex [ Table 3 , previously noted (43)]. DATϪ͞Ϫ mice display modest 15-35% reductions in frontal cortical norepinephrine content (Table 3) . Adding SERT deletion to DAT knockouts enhances DOPAC alterations (Bonferroni post hoc comparisons; Table 3 ) but fails to further alter serotonin or norepinephrine in any dramatic fashion.
Behavior of Combined DAT and SERT Knockout Mice. (i) Baseline
behavioral assessments. Combined DAT͞SERT knockout mice lack gross behavioral deficits not already described for single knockouts. Locomotor activity in a novel environment is elevated in DATϪ͞Ϫ SERTϩ͞ϩ mice, as previously described (9, 42) . DATϪ͞Ϫ SERTϪ͞Ϫ mice are even more active (Fig. 2) . Both single and combined knockout mice habituate to the novel environment over at least the first 4 of the 5 hours of habituation testing ( Fig. 2 ; see also refs. 9 and 42). Mice of each of these genotypes do not differ significantly from wild-type animals in tests of muscle tone, screen hang time, or ability to stay on a rotating rod. Although SERTϪ͞Ϫ mice display enhanced anxiety responses as previously reported, SERTϪ͞Ϫ DATϪ͞Ϫ animals display no further enhancements. Double knockout mice can also learn a passive avoidance task as readily as wild-type littermates.
(ii) Cocaine: Locomotor and rewarding effects. Because screening tests failed to identify double knockout features that would obviously invalidate results of further behavioral tests, mice of each genotype were tested for cocaine influences on locomotion and reward͞reinforcement. Cocaine did not enhance locomotor activity in DATϪ͞Ϫ knockout mice habituated to a novel environment for 3 h, as previously reported (Fig. 2) (9, 42) . Although evaluation of drug-induced locomotor increases is likely to be less sensitive in mice that exhibit altered baseline locomotion, deletions of either one or two copies of the SERT gene in mice that lacked DAT expression failed to complement or reverse this DAT knockout effect. DATϪ͞Ϫ mice that received cocaine continued to display habituation to the test apparatus and displayed no enhanced locomotor activity whether two, one, or no SERT gene copies were present.
To assess reward͞reinforcement, we tested cocaineconditioned place preference (9) . This test provides a technically tractable and robust measure of drug reward in mice (49) . It has been validated by its ability to detect the rewarding properties of virtually every class of substance abused by humans. It allows mice to express their drug preference 24 h after the last drug administration, when acute cocaine effects on motor performance are less likely to confound results (7, 8, 50) . The failures of DATϪ͞Ϫ or SERTϪ͞Ϫ single gene knockouts to decrease this measure of cocaine reward͞reinforcement have been previously documented (9) .
Pairing 10 mg͞kg of cocaine with one side of a test apparatus reliably increased the time spent in this drug-paired environment in DATϪ͞Ϫ and in SERTϪ͞Ϫ single gene knockout mice. Both of these strains thus show strong cocaine place preferences, as previously reported (9) (Fig. 3A) . Even DATϩ͞Ϫ SERTϪ͞Ϫ mice that express no SERT and only half of wild-type levels of DAT retain near-wild-type levels preference for cocaine-paired environments. However, neither DATϪ͞Ϫ SERTϩ͞Ϫ nor DATϪ͞Ϫ SERTϪ͞Ϫ mice exhibited any significant preference for the cocaine-paired environments. Removing all of one cocaine target, DAT, and either 50% or all of another cocaine target, SERT, eliminates cocaine reward. Dose-effect studies provide no clearcut evidence for leftward shifts in cocaine dose-response relationships in double knockouts compared with the DATϪ͞Ϫ mice (Fig. 3B) .
Discussion
The simplest hypotheses that explain the current data are that: (i) cocaine may normally work to provide rewarding actions at both DAT and SERT, and͞or (ii) either DAT or SERT can mediate cocaine reward in the lifelong absence of the other transporter. Neurochemical rearrangements in single and double knockout mice demonstrate compensations for lifelong transporter deletion and might even follow long-term DAT or SERT blockade by drugs. However, double knockout mice that lack cocaine reward show few knockout influences on brain neurochemistry not found in the single knockout mice that retain cocaine reward. Retained cocaine reward in mice with as few as one DAT copy in the absence of SERT contrasts with the requirement for two SERT copies in the absence of DAT appears to indicate that fewer intact dopaminergic than serotonergic mechanisms are required for cocaine place preference.
Could knockout mouse data apply to cocaine reinforcement and reward in wild-type mice? The failure of single transporter gene knockouts to eliminate cocaine reinforcement and reward left open several possible roles for DAT and SERT in cocaine reward͞ reinforcement in wild-type mice (9) , including the small possibility that previously known or novel nontransporter effects might mediate cocaine reward͞reinforcement. The present results weigh strongly, to our knowledge for the first time, against this idea, and renew focus on transporter-based cocaine mechanisms. The most parsimonious explanation for the current data is that normal redundancy of transporter-related brain reward͞reinforcement systems and͞or adaptations to chronic deletions of single transporters render chronic ablation of both DAT and SERT necessary to completely block the cocaine reward͞reinforcement that can be assessed by conditioned place preferences.
Adaptations to chronic DAT loss could alter cocaine's impact on serotonin systems important for rewarding or aversive properties. We have recently found that the SERT-specific blocker fluoxetine gains rewarding͞reinforcing properties in DATϪ͞Ϫ SERTϩ͞ϩ mice that are never found in wild-type animals (30) . Previously available evidence has also fit the idea that removing both DAT and SERT might be required to block cocaine reward͞reinforcement. Pharmacological studies support the idea that serotonin could Fig. 2 . Locomotion in DAT͞SERT double knockout mice during a habituation period and after 10 mg͞kg of cocaine. Locomotor activities were recorded for 3-h periods in mice of several genotypes (n, 11-33). Mice were placed into an activity monitor cage, to which they had not been previously exposed, 3 h before injection of cocaine (10 mg͞kg s.c.) (time 0, arrow). DAT homozygous knockout mice of any SERT genotype show greater locomotor activity when placed in a novel environment, but no incremental locomotor response to cocaine. * , P Ͻ 0.05 vs. wild-type littermate. ϩ, P Ͻ 0.05 vs. DATϪ͞Ϫ SERTϩ͞ϩ littermate; #, P Ͻ 0.05 vs. predrug value. normally interact with dopamine systems in ways important for psychostimulant reward͞reinforcement. Agonists and antagonists selective for the serotonin 5-HT 1B receptor modulate the reward͞ reinforcement induced by acute administration of DAT blockers (23, (51) (52) (53) (54) . Cocaine reinforcement differs between 5-HT 1B knockout and wild-type mice (22) . Serotonin can potently modulate dopamine levels in brain circuits associated with reward͞ reinforcement, such as the mesocortical͞mesolimbic circuits projecting from the ventral tegmental area to the prefrontal cortex and nucleus accumbens (55) (56) (57) . Serotonin systems could thus interact with dopamine systems in contributing to cocaine reward͞ reinforcement.
Cocaine has been reported to lose its ability to elevate dopamine efflux in DAT knockout mice (10) . However, analyses of previous data and preliminary microdialysis studies in our mice demonstrate attenuated rather than absent effects (I.S., F.S.H., and G.R.U., unpublished observations). Our mouse strains that display cocaine reward͞reinforcement, and those that do not, fail to display clearcut evidence that cocaine actions at SERT sustain cocaine reward͞ reinforcement in DAT knockouts simply by mimicking the increased dopamine overflow normally found after cocaine administration to wild-type mice.
How could deletion of SERT alone produce trends toward greater cocaine place preference, whereas double deletions of SERT and DAT ablate cocaine reward͞reinforcement? These observations could fit with hypotheses that cocaine-elevated serotonin levels stimulate serotonin receptor subtypes in circuits that produce both reinforcing and aversive affects. Differential adaptations in these serotonin circuits could alter the overall balance of cocaine reward and aversive features in different knockout combinations. If blockade of NET and͞or SERT in wild-type animals contributes to aversive cocaine effects, the enhanced cocaine reinforcement reported in NET knockout or SERT knockout mice, and even greater enhancements in NET͞SERT double knockouts, makes sense (F.S.H., I.S., and G.R.U., unpublished work). Rearrangements in these systems in DAT knockout mice, clearly supported by their dramatically different responses to fluoxetine (30) , could help preserve cocaine reward͞reinforcement by altering the net balance of aversive and reinforcing effects of cocaine on serotonin circuits.
The effects of transporter gene copy numbers on cocaine place preference appear to indicate a greater role for DAT than SERT in cocaine reward͞reinforcement in wild-type mice, consistent with previous pharmacological suggestions. Deleting two DAT copies and one SERT gene copy ablates cocaine preference just as effectively as deletion of both copies of both genes. By contrast, DATϩ͞Ϫ SERTϪ͞Ϫ knockout mice that have a single wild-type DAT gene copy retain near-maximal cocaine reward͞reinforce-ment and display no evidence for different cocaine dose-effect relationships. We are currently examining the drug-dose relationships in DATϪ͞Ϫ SERTϩ͞Ϫ mice. If similar gene-dose relationships obtain in pharmacological interventions for human cocaine therapy, near-complete actions at DAT, accompanied by even subtotal actions at SERT, might provide an efficacious transporterbased strategy for reducing cocaine reward͞reinforcement.
The present results suggest that medication strategies using drugs acting at both dopamine and serotonin brain systems might provide one minimal set of activities necessary to effectively combat cocaine addiction. Such drugs might be found. The sequence homologies between DAT and SERT (16) and work from structure͞function studies that identify DAT domains selectively involved in cocaine recognition (58, 59) both support the idea that a single compound might provide uptake-sparing cocaine blockade at both transporters and a transporter-based anticocaine therapeutic. A second strategy could be based on involvement of selected dopamine and serotonin receptor subtypes. Drugs acting at both serotonin and dopamine receptor subtypes might represent a receptor-based medications development strategy targeting cocaine reward͞ reinforcement.
